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Analysis of segmental renal gene expression by laser capture systemic levels of renin, 1,25 vitamin D, and erythropoie-
microdissection. tin. These individual tasks are accomplished by complex
Background. The study of normal renal physiology has been heterogeneity of interactions between transporters, hor-greatly aided by microdissection techniques that have deline-
mones, receptors, and metabolism along the anatomi-ated the exceptional functional and cellular heterogeneity both
cally complex nephron, and nonepithelial cells outsidealong the nephron and between different nephron populations.
These techniques are not widely used to study renal injury as the nephron. Major advances in our understanding of
microdissection is difficult because of tissue necrosis or fibrosis. renal physiology were obtained from studies of hand-
We developed a procedure to detect specific gene expression dissected individual tubules (microdissection) using mi-in specific locations of the kidney in histologic sections.
croassays for enzymatic activity and receptor function,Methods. The anatomic specificity of laser capture microdis-
section (LCM) was employed with the sensitivity of reverse in vitro microperfusion for transport rates, and more
transcriptase-polymerase chain reaction (RT-PCR). recently, single tubule reverse transcriptase-polymerase
Results. LCM/RT-PCR detected mRNA for podoplanin in chain reaction (RT-PCR) [1]. This latter technique has
2% of a single glomerulus, rat basic amino acid transporter in
been widely used to localize the specific gene expression6% of a single cross-section of proximal straight tubule, and
of renal transporters, metabolic enzymes, structural com-renin in eight proximal convoluted tubule cross-sections. LCM/
RT-PCR could isolate pure populations of proximal convo- ponents, hormones, and receptors along the nephron.
luted tubules, proximal straight tubules, and thick ascending Thus, microdissection methods have allowed assay of
limbs from renal histologic sections, although pure collecting activity and mRNA and protein expression in singleducts could not be isolated. LCM/RT-PCR localized ischemia-
nephron segments in normal or uninjured kidneys. Allreperfusion–induced induction of KC/interleukin-8 primarily
of these methods require that glomeruli or kidney tu-to the medullary thick ascending limb, and detected trans-
forming growth factor-b (TGF-b) mRNA in glomeruli of a bules be dissected away from surrounding structures.
patient with membranous glomerulonephropathy. Traditional microdissection techniques are quite formi-
Conclusions. When used with an appropriate laser spot size, dable for endocrine or paracrine cells outside the neph-LCM/RT-PCR can measure gene expression in glomeruli or
ron. Renin-secreting juxtaglomerular cells can be iso-specific parts of the nephron and can study alterations in steady-
lated by density gradient centrifugation because of theirstate mRNA levels in animal models of renal disease. The
applications, limitations, and refinements of this approach are abundance in the cortex and unique sedimentation char-
discussed. acteristics. However, for the elusive peritubular erythro-
poietin-producing endothelial cells, no isolation tech-
nique has been successful thus far [2].
The kidney is an anatomically complex organ with Renal disease involves selective injury to the glomeru-
exceptional cellular heterogeneity. In health, the kidney lus, individual portions of the nephron, interstitium, or
independently controls the excretion of salts, water, blood vessels. Less is known about renal pathophysiol-
acids, and bases, and hence stabilizes the internal milieu ogy and the specific nephronal response to injury. For
of the body. As an endocrine organ, the kidney regulates example, how do different portions of the nephron inter-
act during renal injury? Does the interaction tend to
propagate or defend against further injury? AlthoughKey words: tissue microdissection, renal injury, nephron, fibrosis, ne-
crosis. immunohistochemistry and in situ hybridization tech-
niques have been used, they are dependent on the avail-Received for publication March 19, 1999
ability of specific antibodies or optimization of compli-and in revised form August 6, 1999
Accepted for publication August 23, 1999 cated hybridization conditions. Also, genes must be
studied one at a time. For example, there is impressive 2000 by the International Society of Nephrology
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neutrophil infiltration during the reperfusion phase of Dawley, Inc.). Animal care followed the criteria of the
University of Texas Southwestern Medical Center forrenal ischemic injury [3, 4]. Although it is known that
the potent neutrophil chemokine interleukin-8 (IL-8) is the care and use of laboratory animals in research.
produced by the ischemic kidney [5], the exact location
Surgery and experimental protocolof its production is unknown. Microdissection techniques
have not been widely used to study renal injury because Rats were anesthetized with 100 mg/kg xylazine and
1 mg/kg of acepromazine intraperitoneally. Both kidneysmicrodissection is often limited by tissue necrosis or fi-
brosis. In addition, the time required for microdissection were harvested and immediately frozen with OCT com-
pound for LCM study. In some experiments, both renaloften exceeds the lifetime of rapid and transient changes
in a cellular response such as certain metabolic interme- pedicles were cross-clamped for 40 minutes, and kidneys
were harvested after six hours of reperfusion as de-diates or early response genes. Only one article has been
published that measures tubular transport rates in proxi- scribed previously [3].
mal and distal tubules following acute renal failure [6].
Tissue preparation for laser captureAlso, there is little specific information about human
microdissection studyinjury because of limited tissue availability.
This problem of obtaining a pure population of defined Freshly frozen tissues were cut into two or four mm
thick sections with a cryostat. Sections were placed ontotissue exists for many scientific disciplines, including on-
cology. Recently, several microdissection methods have glass slides (Fisher Scientific 12-552, Pittsburgh, PA,
USA) that had been prebaked at 2308C for four hours.been developed that allow structures to be isolated from
stained tissue sections and then amplified by PCR. Cells The sections were immediately fixed with 70% ethanol
for 10 minutes and then washed with diethyl pyrocarbo-can be mechanically separated by a sharp pipette, needle,
or blade [7]. However, this requires patience, manual nate (DEPC)-treated water for five seconds. Sections
were stained rapidly with Hematoxylin stain (Fisher Sci-dexterity, and correct orientation of tissue planes. Re-
cently, the drawbacks of these manual methods have entific CS 401-1D) for 15 seconds, washed with DEPC-
treated water for 10 seconds, dehydrated with an ethanolbeen overcome with the advent of laser capture microdis-
section (LCM) by Liotta’s laboratory at the National gradient, and counter stained with alcoholic Eosin Y
solution (Sigma HT110-1-16; Sigma Chemical Co., St.Institutes of Health [8–11]. This technique allows direct
microscopic visualization and a rapid one-step isolation Louis, MO, USA) for 30 seconds. Sections were washed
three times with 100% ethanol and were then washedof selected cell populations from tissue sections. A thin
transparent film (capture film) is placed over the tissue three times with xylenes. The sections were air dried
with a fan for 20 minutes and stored in a plastic containersection, and a guide laser spot is placed at the cells of
interest. When the laser is pulsed at higher energy, the with silica gel (Sigma S-7625) at 2808C until use.
cells are thermally fused to the capture film. After suffi-
Tissue sampling by laser capturecient numbers of spots are fused, the film is removed
microdissection microscopyfrom the section and placed into a PCR tube for PCR
or RT-PCR. This one-step transfer method overcomes Sections were covered with LCM transfer film (Cap-
Sure TF-100; Arcturus Engineering, Inc., Mountainmany of the problems of traditional microdissection tech-
niques. Studies by Emmert-Buck et al showed that LCM View, CA, USA), and specific portions of the histologic
section were affixed to the capture film by brief lasercould capture a single glomerulus on the transfer film
[9]. However, they did not measure gene expression in pulses. In our initial studies, a 30 mm adapter and 5 ms
laser pulse duration were used, which removed a 70 mmthe glomerulus or extend the technique to isolate other
portions of the nephron. diameter circle of kidney tissue (Fig. 1). Because this
laser spot was too large for many portions of the nephron,The purpose of the present study was to determine
the feasibility of LCM/RT-PCR to detect gene expres- a 25 mm plano convex lens (15 mm focal distance; Ed-
mund Scientific, Barrington, NJ, USA) was insertedsion from defined portions of the nephron and to deter-
mine if LCM/RT-PCR can identify genes that are differ- above the transfer film, which decreased the adherent
tissue size to 35 mm diameter. The spot size was individu-entially expressed following tissue injury.
alized for each nephron segment by modulating the laser
power (glomeruli 30 to 35 mW; proximal tubules 20 to
METHODS
22 mW; other areas 16 to 18 mW). Proximal convoluted
Animals tubules were chosen around glomeruli in the superficial
cortex. Proximal straight tubules were chosen in theMale Sprague Dawley rats, age 12 to 16 weeks (350
to 380 g), were purchased from Harlan Sprague Dawley, outer stripe of the outer medulla, while thick ascending
limb (TAL) and outer medullary collecting ductInc. (Indianapolis, IN, USA). All animals had free access
to water and food (4% mouse–rat diet; Harlan Sprague (OMCD) were taken from the inner stripe of the outer
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Fig. 1. Laser capture microdissection (LCM) capture of glomerulus and proximal straight tubule. Two micron sections of freshly frozen tissue
were fixed in 70% ethanol and were stained with H&E. (A, C, and E) Histologic section after transfer. (B, D, and F ) Recovery of renal glomerulus
and proximal straight tubules on transfer film. (A–D) Seventy micrometer spot size (regular adaptor); (E–F) Thirty-five micrometer spot size
(custom lens). Arrow indicates the transferred area. The arrowhead indicates contamination for tubules surrounding proximal tubule. Transfer
spot size: glomerulus, 100 mm; proximal tubules, 70 (D) and 35 (F) mm (bar 5 50 mm; 3200).
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medulla. The tubule segments were targeted by a single Immuno-laser capture microdissection
laser spot centered on the tubule. Except where noted, Freshly frozen tissue sections were fixed for 10 minutes
50 samples were picked up on each transfer film. After with cold acetone, 100% methanol, or 70% ethanol. Sec-
the samples were captured on transfer film, nonspecific tions were quickly immunostained with anti–Tamm-
attached components were removed by adhesive tape Horsfall protein antibody (ICN Pharmaceuticals, Inc.,
(Post It Notes; 3M, St. Paul, MN, USA). Cleveland, OH, USA). After washing with RNase-free
Tris-HCl buffer (pH 7.6), sections were incubated withRNA extraction and reverse transcription
first antibody (1:100 dilution, 20-fold more antibody than
Total RNA was extracted from samples attached to used in routine immunohistochemistry) containing 400
the LCM transfer film using GTC/phenol-chloroform. U/ml RNase inhibitor for two minutes. The sections were
The sample film was incubated with 200 mL of 4 mol washed three times for 15 seconds with Tris-HCl buffer at
GTC (4 mol guanidine thiocyanate, 25 mmol Na3citrate, 48C and incubated with horseradish peroxidase-labeled
0.5% sarcosyl, 0.72% b-mercaptoethanol) for 10 minutes second antibody with RNase inhibitor for two minutes.
at room temperature. After centrifuging samples, the After washing with Tris-HCl buffer for three times, slides
GTC solution was removed to a new 500 mL test tube, were stained with diaminobenzidine for five minutes in
and 200 mL of the phenol-chloroform were added. Sam- the presence of RNase inhibitor. Then sections were
ples were vortexed and centrifuged for 30 minutes at dehydrated, air dried, and processed as described earlier
48C. The aqueous layer was transferred to a new 500 mL in this article.
test tube and was extracted again with phenol-chloro-
form. The samples were washed with chloroform and Laser capture microdissection on human renal
precipitated with isopropanol. Samples were frozen for biopsy material
one hour at 2808C and centrifuged 40 minutes. Samples The human study was approved by the University of
were washed with 70% ethanol and then 100% ethanol, Texas Southwestern Institutional Review Board. After
and then they were air dried. Sample RNA was resus- obtaining informed consent and sufficient material for
pended with 10.5 mL of resuspension solution [7.1 mmol routine clinical processing, an additional core biopsy was
dithiothreitol (DTT), 1.7 U/ml recombinant RNase in-
obtained using a Biopty needle (Bard, Covington, GA,
hibitor in DEPC-treated water]. Seven microliters of the
USA). The core was immediately frozen with OCT com-
RNA solution were denatured at 608C for 10 minutes and
pound for LCM study. Cyrosections (2 mm) were fixedmixed with 12 mL of RT master mix (final concentration 3
with 70% ethanol and were stained with hematoxylinmmol Mg21, 1 mmol dNTP, 5 mmol DTT, 1.35 U/mL
and eosin (H&E). We transferred 24 glomeruli and 100RNAsin, 5 mmol oligo dT15) with 1 mL (200 units) of proximal convoluted tubule cross-sections by LCM. TheMMLV-RT (Promega, Madison, WI, USA). RT reaction
RNA samples were treated with DNase I for one hourwas performed at 428C for 60 minutes. The remainder
at 378C and then subjected to phenol-chloroform extrac-of the RNA solution was processed without reverse tran-
tion. The PCR reactions contained 5% (b-actin) or 10%scriptase (2RT).
TGF-b of the cDNA produced by the RT reaction; 40
PCR cycles were used for TGF-b.Polymerase chain reaction
Reverse transcription products were used as a tem-
plate for PCR. We chose primer sets (Table 1) that hybrid- RESULTS
ized to different exons and produced a single correctly
Transfer of glomeruli and renal tubulessized band. Because the transforming growth factor b
Figure 1 shows the selective transfer and recovery of(TGF-b) primer set was in the same exon, the human
glomeruli and proximal straight tubules by LCM. Non-sample was treated with DNAse I for one hour. PCR
specific tissue was removed using adhesive tape. Individ-reactions contained 1 mmol primers, 1 to 1.5 mmol Mg21,
ual glomeruli were transferred by pulsing the targeted200 mmol deoxynucleotide triphosphates, reaction buffer,
glomerulus with a high-energy laser spot that encom-and 1.5 units Taq DNA polymerase (Promega) in a final
passed the entire glomeruli (Fig. 1 A, B). Portions ofvolume of 25 mL. PCR was performed by hot start, 35
individual tubules were transferred by nonoverlappingcycles of 948C for 45 seconds, 55 to 608C for 45 seconds,
laser spots. The spot size was narrowed to 70 mm byand 728C for 1.25 minutes. Forty PCR cycles were per-
decreasing the intensity of the laser beam. In initial stud-formed with the KC and TGF-b primers sets. PCR prod-
ies, we found that proximal tubules (Fig. 1 C, D) anducts were sequenced by automated sequencing. Reaction
smaller nephron segments were contaminated visuallyproducts were size fractionated by gel electrophoresis
by the surrounding tissue (arrowhead) because the 70and ethidium bromide staining. Southern analysis was
mm laser spot was larger than the outer diameter ofperformed using 32P-labeled internal oligonucleotide prim-
ers as described previously [12]. tubules. Furthermore, RT-PCR analysis showed fre-
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Table 1. Sequences of oligonucleotide primers
Location Product Mg21 Annealing
Oligonucleotide sequence bp size, bp mmol Temp, 8C
Rat b-actin (RNAC01)
59 sense CAACCGTGAAAAGATGACCCAG (423–444)
39 antisense AGTGGCCATCTCTTGCTCGAAGTC (745–768) 346 1.0 55
Rat podoplanin
(RNU96449)
59 sense TAGTGACCCTGGTCGGAATC (411–430)
39 antisense GTCTCGGTTTTTGCACCATT (781–800) 390 1.0 55
Rat SGLT-2 (RNU29881)
59 sense CATCTTCTGCCGGGTACACT (1156–1175)
39 antisense GCTGGGATCCTCACTGATGT (1924–1943) 388 1.0 55
Rat BAT (RATSTRAP)
59 sense CACCGATGCAGTGGGACAATAG (1575–1596)
39 antisense CTCCAAAATTCAGAACCACAAGG (1834–1856) 283 1.0 55
Rat THP (RATUROMOD)
59 sense TGTGATGCTCTCCACTGAGG (1452–1471)
39 antisense GACACCTTGTCGTGTGATGG (1832–1851) 400 1.5 55
Rat AQP-2 (RATADHWC)
59 sense TCCAGCAGTTGTCACTGGC (654–672)
39 antisense TAAGCACAGTCCCCCAGAAGG (1195–1215) 562 1.0 55
Rat RENIN (RATREN)
59 sense TGCCACCTTGTTGTGTGAGG (1034–1053)
39 antisense ACCCGATGCGATTGTTATGCCG (1386–1407) 374 1.0 58
Rat KC/IL-8 (RATCINC2B)
59 sense CCCCATGGTTCAGAAGATTG (291–310)
39 antisense TTGAACGACCATCGATGAAA (814–833) 543 1.25 55
Human b-actin
(HUMBA13, HSAC07)
59 sense CCTCGCCTTTGCCGATCC (59UTR 36–53)
39 antisense GGATCTTCATGAGGTAGTCAGTC (552–574) 626 1.0 55
Human TGF-b (HSTGFB1)
59 sense CTGCGGATCTCTGTGTCATT (2155–2174)
39 antisense CTCAGAGTGTTGCTATGGTG (2381–2400) 246 1.25 55
Genes are identified by GeneBank abbreviations. Abbreviations are: bp, base pair; SGLT-2, low affinity sodium/glucose cotransporter; BAT, dibasic and neutral
amino acid transporter; AQP, aquaporin; THP, Tamm-Horsfall protein; IL-8; interleukin-8; TGF-b, transforming growth factor.
quent contamination from adjacent renal structures. product (Fig. 2A). Because 70% ethanol had the best
preservation of tissue morphology (data not shown), sub-Therefore, we devised a lens and lens carrier that could
sequent studies used 70% ethanol as a fixative. mRNAfocus the laser spot to 35 mm (discussed in the Methods
integrity was also evaluated following H&E and periodicsection). This resulted in much cleaner samples (Fig. 1
acid-Schiff (PAS) staining (Fig. 2B). Because the b-actinE, F), indicating that at the light microscopy level LCM
recovery of the H&E staining was 100 times greater thancould selectively isolate defined portions of the nephron.
PAS staining, subsequent studies were performed using
H&E staining.Choice of fixative and histologic stain
We next evaluated the ability of mRNA to survive Sensitivity in glomeruli and proximal tubules
common fixatives and histologic stains. b-Actin mRNA
Figure 3 is a representative RT-PCR analysis of genes
(an index of mRNA integrity) was measured in frozen known to be specifically expressed in glomeruli or proxi-
sections fixed with cold acetone, 100% methanol, 70% mal straight tubules. Each PCR reaction tube contained
ethanol, 4% paraformaldehyde, and 10% buffered for- 10% (podoplanin) or 2% [rat basic amino transporter
malin. We also measured b-actin mRNA in formalde- (rBAT), b-actin] of the cDNA synthesized from 3, 9, 27,
hyde-fixed paraffin sections. All sections were stained or 81 laser spots. Both PCR primer sets produced a single
with H&E. The tissue sections were manually scraped correctly sized band, with no detectable primer–primer
with a clean razor blade, the RNA was extracted, and or primer–dimer formation on ethidium bromide-stained
semiquantitative RT-PCR was performed for b-actin. gels. The identity of the products was confirmed by DNA
Extraction of RNA from the formaldehyde- or paraform- sequencing of the excised bands. Parallel control reac-
aldehyde-fixed sections was minimal because the sections tions performed in the absence of RT did not result in
did not dissolve in GTC. Acetone, methanol, and ethanol detectable amplification. Thus, the PCR product was a
result of amplification from mRNA and not from geno-fixatives had the largest amounts of b-actin RT-PCR
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Fig. 3. Sensitivity of LCM transfer of glomeruli and proximal tubules.
Southern blot RT-PCR analysis of mRNA for podoplanin in glomeruli
(Glom), renin in proximal convoluted tubules (PCT), and the basic
amino acid transporter (rBAT) in proximal straight tubules (PST). All
samples were also analyzed for b-actin. Cryosections (4 mm) were fixed
in 70% ethanol and stained with H&E. Each reaction tube contained
10% (podoplanin or renin) or 2% (rBAT or b-actin) of the cDNA
produced by the RT reaction from material obtained from 3, 9, 27, or
81 laser spots. No bands were detected in the sample containing 81
laser spots processed without RT.
with a linear increase in PCR product of up to 81 cross-
sections. The mean slopes of the lines (combining data
from both podoplanin and b-actin) was 0.874 6 0.011
(mean 6 1 se, N 5 6).
To evaluate if LCM/RT-PCR could detect genes ex-Fig. 2. Optimization of fixative and staining methods. (A) Effect of
different fixatives. Cryosections (2 mm) were either unfixed (first row, pressed at very low abundance, renin was chosen because
positive control) or fixed with cold acetone, 100% methanol, 70% etha- its abundance in the proximal convoluted tubules (PCT)
nol, 4% paraformaldehyde (PFA), or 10% buffered formalin. Alterna-
is 0.2 to 0.5% of that in the glomerulus [13, 14]. Previoustively, 2 mm paraffin sections were prepared from paraffin-embedded
formaldehyde-fixed tissue (last row). Fixed tissue sections were dehy- studies either could not detect renin mRNA in 5 mm of
drated and air dried and then manually scraped with a clean razor normal PCT [15] or required 10 mm of normal PCT for
blade and RNA extracted. RT-PCR was performed for b-actin. Lanes
detection [13, 14]. LCM/RT-PCR detected renin mRNA1 through 6 are successive 1:10 dilutions of cDNA obtained from entire
section. b-actin mRNA was not detected in samples that were processed in 81 proximal convoluted tubule cross-sections from 4
without RT (data not shown). (B) Effect of different staining methods. mm cyrosections (Fig. 3). Because the PCR reactionCryosections (2 mm) were fixed with 70% ethanol and were then stained
tubes contained only 10% of the original cDNA sample,with H&E or PAS. As a control, sections were processed without
fixation or staining (last row). RNA isolation and RT-PCR were per- LCM/RT-PCR could detect renin in approximately eight
formed as in (A). Lanes 1 to 6 are successive 1:10 dilutions of cDNA proximal convoluted tubule cross-sections or 32 mmobtained from entire section. b-actin mRNA was not detected in sam-
of PCT.ples that were processed without RT (data not shown).
Reproducibility in glomeruli
The reproducibility of LCM/RT-PCR was evaluatedmic DNA or contaminating DNA. To evaluate the sensi-
by isolating six samples of 30 glomeruli each from ativity of LCM/RT-PCR to identify these genes in glomer-
different section from the same normal rat kidney. Theuli or tubules, a dose–response analysis was performed.
samples were processed for LCM/RT-PCR using po-Podoplanin mRNA was detected in three glomerular
doplanin and b-actin (Fig. 4). There was good agreementcross-sections, with a linear increase of up to 81 glomeru-
between samples, with no sample loss identified in thislar cross-sections. rBAT mRNA was detected easily with
three cross-sections of proximal straight tubules (PST), small sample. Evaluation by scanning densitometry
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Fig. 4. Reproducibility of LCM/RT-PCR. RT-PCR analysis for po-
doplanin and b-actin obtained from 30 glomeruli from different sections
of the same kidney. Each reaction contained 10% (podoplanin) or 0.4%
(b-actin) of cDNA from 30 glomeruli. Lanes 1 to 6 are independent
samples from different kidney sections; Lane 7 is an RT(2) sample.
showed a value of 2.7 6 0.6 (6 1 se, N 5 6) and 8.8 6 1.2
arbitrary units for podoplanin and b-actin, respectively.
This degree of variation is similar to that reported in
previous tubule RT-PCR assays [13, 14].
Fig. 5. Specificity of LCM transfer of nephron segments. Southern blotSpecificity in nephron segments
RT-PCR analysis of five genes in nephron segments isolated by LCM.
Cryosections (2 mm) were fixed in 70% ethanol and were stained withTo evaluate if LCM/RT-PCR can selectively dissect
H&E. Each reaction tube contained 5% of the cDNA from the RTportions of the nephron, we employed a panel of genes
reaction obtained from 50 laser spots (Table 1 shows the details of PCR
using LCM/RT-PCR samples obtained from PCTs, PSTs, primers and reaction conditions). Abbreviations are: SGLT-2, sodium
glucose transporter-2; rBAT, Tamm-Horsfall protein; AQP-2, aqua-TAL, cortical collecting ducts (CCDs), and OMCD (Fig.
porin-2; PCT, proximal convoluted tubule; PST, proximal straight tu-5). Genes that are expressed in a segment-specific fashion
bule; TAL, thick ascending limb; CCD, cortical collecting duct; OMCD,
were tested: glucose transporter-2 (SGLT-2) expressed outer medullary collecting duct; RT(2), pooled sample from all tubule
segments analyzed without reverse transcriptase.only in PCT [16]; rBAT expressed predominantly in PST
[17]; Tamm-Horsfall protein (THP) expressed only in
TAL [18]; and aquaporin-2 (AQP-2) expressed only in
the collecting duct system [19]. b-Actin was used as a
mRNA integrity during immuno-lasermarker for mRNA integrity. Each primer set was opti-
capture microdissectionmized to produce a single correctly sized band in which
Because it was sometimes difficult to identify nephronthe identity was confirmed by DNA sequencing. The
segments in injured tissue, we evaluated the immuno-expected mRNA species were detected in PCT, PST, and
LCM, which offers the ability to stain specific nephronTAL samples without contamination from surrounding
segments by immunohistochemistry prior to LCM [10].tissues. However, the CCD and OMCD samples con-
The ability of b-actin mRNA to survive several fixativestained THP, which is not expressed in these portions of
was measured (Fig. 7). Fresh-frozen tissue sections werethe nephron (Discussion section).
fixed for 10 minutes with acetone, 100% methanol, or
Changes in mRNA levels caused by renal ischemia 70% ethanol and were quickly immunostained with anti-
THP antibody. Some sections were processed withoutWhether or not LCM/RT-PCR could be used to detect
antibody (Tris-HCl buffer, fourth row) or without anysegmental changes in gene expression in an animal model
fixation or staining (last row). While 70% ethanol wasof renal ischemia reperfusion injury was examined next
the best fixative, the immuno-LCM procedure reduced(Fig. 6). The mRNA abundance of a neutrophil chemo-
b-actin mRNA levels by 100-fold. RNA degradation oc-kine (rat KC/IL-8) that is known to increase rapidly in
curred even in the absence of THP antibody (fourththe kidney after ischemia was measured [5]; however,
row), suggesting that endogenous RNases were not suf-the site of expression was not known. Using LCM, the
ficiently inhibited during the aqueous phase incubations.rKC/IL-8 could not be detected in normal kidney, but
it easily detected rKC/IL-8 in the outer medullary TAL,
Applicability to human renal biopsy materialwith smaller amounts in samples from glomeruli and
Laser capture microdissection was evaluated on a sin-OMCDs. The latter could be from contamination from
adjacent TALs. gle core biopsy obtained from a 59-year-old female with
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Fig. 6. Effect of ischemia analyzed by LCM capture of renal structures. Southern blot RT-PCR analysis of rat KC/IL-8 (rKC/IL-8) mRNA in
glomeruli and nephron segments isolated by LCM from normal and ischemic kidney six hours into reperfusion period. Cryosections were fixed
in 70% ethanol and were stained with H&E.
Fig. 8. Application of LCM/RT-PCR in patient with membranous glo-
merulonephritis. A single-core biopsy sample was cut on a cryostat,
fixed with 70% ethanol, and stained with H&E. Samples were obtained
from 24 glomeruli and 100 proximal convoluted tubule cross-sections
and were processed with (1) and without (2) RT. PCR was performed
for TGF-b and b-actin on 10% and 5%, respectively, of the cDNA
obtained from the entire sample.
Fig. 7. RNA degradation during immuno-LCM. Cryosections were
fixed with cold acetone, 100% methanol, or 70% methanol. Fixed sec-
tions were rapidly immunostained with an antibody to THP (first three tive and specific method for detecting segmental gene
rows) or control Tris-HCl buffer (fourth row). As a control, an unfixed expression in glomeruli and renal tubules isolated fromand unstained cyrosection was also processed (last row). RNA isolation
histologic samples of the kidney. The technique couldand RT-PCR were performed as in Figure 2A. Lanes 1 to 6 are PCR
on successive 1:10 dilutions of cDNA obtained from the entire section. be used to study alterations in mRNA abundance in an
b-Actin mRNA could not be detected in samples that were processed animal model of renal disease. Support for these observa-without RT (data not shown).
tions is discussed later in this article.
Optimization of fixation and staining
membranous glomerulonephropathy with significant tu-
First, fixation and staining methods were optimizedbular atrophy and interstitial fibrosis. The ability of LCM
for renal LCM. Tissue sections must be flat to adhereto detect TGF-b and b-actin in 24 spots of glomeruli
to the transfer film optimally, and fixation methods thatand 100 proximal convoluted tubule cross-sections was
alter the three-dimensional structure of proteins (that is,evaluated. LCM could detect TGF-b only in the glomer-
acetone, methanol, or ethanol) worked best (Fig. 2A).ular samples, whereas b-actin was detected in both glo-
Stronger cross-linking fixatives such as formalin andmerular and tubular samples (Fig. 8). No products could
paraformaldehyde greatly inhibited dissolution of thebe detected in samples processed without RT.
tissue in GTC and also degraded RNA. The former could
be overcome by adding proteinase K to the isolation
DISCUSSION buffer [9]. We used ethanol in subsequent studies be-
cause it yielded the best tissue architecture in the kidneyWe found that LCM coupled with RT-PCR and per-
formed with careful attention to laser spot size is a sensi- cortex and outer medulla. Two common staining meth-
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ods were evaluated next. We also found that RNA sur- [5, 8]. We hypothesize that this is a result of performing
PCR on purified RNA rather than whole cells.vived H&E staining but was degraded considerably by
PAS staining (Fig. 2B). Therefore, subsequent studies
Specificitywere performed using ethanol fixation and H&E stain-
ing. This method is similar to that proposed in the origi- Our initial studies were performed using a 70 mm mini-
mum laser spot size. Whereas glomerular samples werenal description of the LCM technique [1, 6].
not contaminated by surrounding tissue, the tubule sam-
Sensitivity ples were both visibly (Fig. 1) and by RT-PCR. For
example, mTAL samples contained mRNA for the col-Previous studies from Liotta’s laboratory have shown
that LCM/PCR can isolate DNA and mRNA from small lecting duct water channel AQP2, and CCD and OMCD
samples contained mRNA for the proximal tubule rBATnumbers of 60 mm laser spots, and can be optimized to
potentially target single cells [8–11]. A cylinder-based transporter (data not shown). Therefore, we designed a
lens system to narrow the spot size by approximatelyLCM instrument that employs a novel convex geometry
of the transfer film can detect hepatitis B virus in single 50%. With a 35 mm laser spot size, clean PST, PCT,
and TAL could be isolated, although CCD and OMCDhepatocytes [20]. Although we did not attempt to mea-
sure mRNA from a single cell, podoplanin could easily samples were contaminated by TAL (Fig. 5). This con-
tamination could occur at several levels due to: (a) thebe detected in three glomerular cross-sections by LCM/
RT-PCR. Assuming that RNA was sampled from three difficulty in identifying tubules on histologic sections, (b)
laser spot size being larger than target tubule, or (c)sections of 4 mm thickness that encompassed the maxi-
mal glomerular cross-section of 100 mm, then this corre- contamination during processing. Because glomerular
and other tubule samples were not contaminated by sur-sponds to 18% of a glomerulus. In our study, 10% of
the isolated cDNA was used in the PCR reactions for rounding tissue, we thought the latter was unlikely. Upon
careful inspection of renal tissue adherent to the transferpodoplanin; therefore, LCM/RT-PCR can detect podo-
planin mRNA in approximately 2% of a glomerulus. film, the CCD samples were found to be contaminated
by adjacent TALs (data not shown). CCD epithelial cellsBecause podocytes occupy only a small volume of the
glomerulus, this indicates that the LCM/RT-PCR method are not as tall as proximal and TAL cells and, hence,
are more difficult to target with the laser spot. CCDsis extremely sensitive. Furthermore, rBAT was detected
in three proximal straight tubule cross-sections using only were easy to identify in kidney sections from normal
animals. Although we cannot exclude difficulty in identi-2% of the cDNA, which indicates that LCM/RT-PCR
can detect gene expression in approximately 0.25 mm of fying tubules, we suspect that the contamination was
caused by efficiently transferring the thin CCD cells.tubule length or 6% of a single cross-section. Because
the PCT contains less than 10 cells in cross-section, LCM/ We cannot explain why the OMCD samples were not
similarly contaminated; perhaps the outer medullaryRT-PCR may be sufficiently sensitive to isolate mRNA
from a single proximal tubule cell. This possibility is TAL is easier to identify than the cortical TAL. This
difficulty probably will be overcome by more practicelimited by the size of the laser spot, which influences the
ability to target a single cell, and the propensity of the or the development of smaller laser spot sizes.
plastic transfer film to spread and adhere to tissue outside
Change in segmental gene expression duringthe laser spot while in liquid state. Instruments are now
renal injuryavailable with nominal 7.5, 15, and 30 mm laser spot
sizes. Based on our experience that nominal 30 mm spot KC/IL-8 is a potent neutrophil chemokine known to
increase one hour after renal ischemia [5]. Furthermore,sizes transfer 70 mm tissue samples, it can be assumed
that this will allow the transfer of 15 to 20, 35, and 70 the increase is inhibited by a-melanocyte-stimulating hor-
mone (MSH) [9], which also inhibits neutrophil influx intomm of tissue. However, tissue transferred by small laser
spots does not adhere efficiently to the transfer film. the kidney following ischemia. However, the location of
renal KC/IL-8 production was previously unknown. WeThus, LCM is also limited by the ability to transfer small
spots to the transfer film. Thinner and smoother transfer found that ischemia increases mRNA abundance for KC/
IL-8 primarily in the medullary TAL, with small in-films currently in development may permit reproducible
transfer to single cells [20]. creases in glomeruli and in samples from OMCDs. Thus,
the ischemic TAL may produce KC/IL-8, which thenWe did not systematically compare LCM/RT-PCR
with isolated tubule RT-PCR. However, the new method culls circulating neutrophils to the ischemic kidney.
These preliminary studies indicate that LCM can be usedis less technically demanding than isolated tubule RT-
PCR because it obviates the need for hand dissection. to localize gene expression during renal injury. We also
used LCM to detect mRNA for the profibrotic growthLCM/RT-PCR also produces much cleaner gels with
fewer nonspecific bands than seen in isolated tubule RT- factor TGF-b that promotes production of extracellular
matrix and reduces the activity of matrix-degrading pro-PCR (compare with Bonner et al and Safirstein et al)
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teases [21]. TGF-b inhibitors such as decorin inhibit mes- tic agents. By integrating LCM with T7-based RNA am-
plification and cDNA microarrays [23], it should beangial matrix accumulation in experimental mesangio-
proliferative glomerulonephritis [22]. TGF-b could be possible to determine the gene expression profile of
thousands of genes expressed by a single glomerulus ordetected in glomeruli but not in proximal tubules from
a patient with membranous glomerulonephritis. Because tubule. This might enhance our understanding of human
renal diseases, including glomerulonephritis and acutewe only studied one patient with disease, no firm conclu-
sion about the role of TGF-b in membranous glomerulo- renal failure, in which the pathophysiology has been
mysterious. Once appropriate disease markers are devel-nephritis can be reached. However, these studies show
the feasibility of the method to detect segmental gene oped, these techniques might enhance our diagnostic
abilities by providing a molecular diagnosis from a singleexpression in human biopsy material.
Tubule identification was more difficult in ischemic injured glomerulus or renal tubule.
tissue. For example, whereas the OMCD is easily identi-
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